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Abstract 

The  in-plane  residual  stress  distribution  in  the  electrolyte  of  an  anode- supported  planar  solid  oxide  fuel  cell  has  been  determined  using 
X-ray  powder  diffraction.  Measurements  have  been  carried  out  with  half  cells  in  green  state,  after  co-firing  and  after  anode  reduction.  The 
residual  stress  in  the  electrolyte  is  compressive.  Values  of  about  —560  MPa  are  determined  at  room  temperature  for  an  approximately  10  pm 
thick  electrolyte  layer  on  an  oxidized  ~1.5  mm  thick  anode  substrate,  independent  of  location.  Chemical  reduction  of  the  anode  leads  to  a 
slight  decrease  of  the  compressive  electrolyte  stress  to  —520  MPa.  At  operation  temperature  (800  °C)  the  stress  is  by  a  factor  of  about  two 
lower,  but  remains  compressive.  The  electrolyte  results  are  used  to  calculate  the  residual  stress  in  the  oxidized  and  in  the  reduced  anode. 
Independent  of  the  oxidation  state  a  tensile  stress  of  about  4  MPa  is  calculated.  Implications  for  anode  failure  are  discussed  by  comparing  this 
value  with  the  fracture  stress  of  large  200  mm  x  200  mm  cells  at  a  failure  probability  of  10~6. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFCs)  are  electrochemical  de¬ 
vices  for  high  efficiency  energy  conversion.  Several  concepts 
of  practical  realization  are  currently  under  development  [1]. 
At  the  Research  Center  Jiilich  (FZJ)  the  anode- supported 
planar  SOFC  concept  with  thin  electrolyte  has  matured  to 
a  level  that  operation  of  stacks  with  an  electrical  power 
output  of  ~13kW  could  be  demonstrated  [2].  A  single 
cell  used  in  such  stacks  is  a  layered  composite  (Fig.  1).  At 
FZJ  an  approximately  1.5  mm  thick  porous  Zr02(8mol% 
Y203)/Ni0  anode  substrate  supports  four  functional  layers, 
anode  functional  layer  (AFL),  electrolyte,  cathode  functional 
layer  (CFL)  and  cathode  current  collector  (CCC).  The  AFL 
has  the  same  composition  as  the  substrate  but  higher  density. 
The  ion-conducting  dense  electrolyte  contains  8  mol% 
yttria- stabilized  zirconia  (8YSZ)  and  has  a  thickness  of 
about  10  pm.  Lanthanum  Strontium  Manganite  (LSM) 
is  used  as  standard  materials  for  the  two  cathode  layers. 
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Besides  the  electrochemical  criteria,  e.g.  power  density  and 
degradation,  the  mechanical  integrity  of  the  electrolyte  under 
service  conditions  and  during  thermal  cycling  is  crucial  for 
the  successful  operation  of  the  cell.  To  ensure  a  failure  free 
electrolyte  layer  during  manufacturing  and  operation  critical 
tensile  stresses  which  exceed  the  fracture  stress  have  to 
be  avoided.  In  this  respect,  thermal  mismatch  stress  which 
keeps  the  electrolyte  layer  under  compression  appears  to  be 
advantageous.  They  are  conveniently  obtained  by  co-firing 
of  anode  and  electrolyte  [3].  However,  there  is  still  little 
information  on  the  quantitative  level  of  residual  stresses 
obtained  with  anode  supported,  thin  electrolyte  SOFCs. 
Also  studies  of  the  local  in-plane  stress  distribution  are 
missing. 

In  this  study  X-ray  powder  diffraction  is  used  to  map  the 
stress  distribution  in  the  electrolyte  layer  of  a  half  cell,  i.e. 
anode  substrate  and  electrolyte  with  intermediate  thin  AFL 
[4,5].  The  residual  stress  after  four  processing  steps  is  mea¬ 
sured,  (i)  green  state,  (ii)  co-firing,  (iii)  co-firing  and  flatten¬ 
ing  and  (iv)  reduction  of  anode.  The  determined  electrolyte 
stress  is  then  used  to  calculate  with  thermoelastic  curvature 
data  [6]  the  stress  at  800  °C  in  the  oxidized  and  in  the  reduced 
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Fig.  1.  Cross-section  of  a  SOFC  cell. 


anode.  Finally,  the  residual  anode  stress  is  compared  with  the 
fracture  stress  of  the  anode  material.  The  conservative  esti¬ 
mate  also  considers  large  cells  and  low  failure  probability  of 
the  SOFC. 


2.  Experimental 

The  materials,  deposition  and  compaction  technologies 
used  for  manufacturing  of  SOFCs  at  FZJ  are  schematically 
depicted  in  Fig.  2.  The  current  study  focuses  only  on 
the  manufacturing  steps  related  with  the  electrolyte  layer 
(center  of  Fig.  2).  Anode  functional  layer  and  electrolyte  are 
deposited  on  a  pre-sintered  (1250  °C)  porous  anode  substrate 
by  vacuum  slurry  coating.  The  composite  is  then  co-fired  at 


1400  °C  to  obtain  a  dense  electrolyte  (Fig.  3).  Depending  on 
the  sintering  shrinkage  of  electrolyte  and  anode  substrate, 
the  co-firing  can  result  in  half  cells  with  curved  shape.  An 
additional  high  temperature  flattening  by  mechanical  load 
has  proved  to  successfully  remove  the  slight  warp.  However, 
cooling  down  of  the  co-fired,  flattened  half  cells  to  SOFC 
operation  and  room  temperature  typically  generates  thermoe¬ 
lastic  cell  curvature.  The  curvature  reflects  the  thermoelastic 
mismatch  between  the  layers  of  the  half  cell  and  is  indicative 
of  existing  residual  stresses.  Also  the  reduction  step  of  the 
anode  changes  the  curvature  of  the  half  cell  and  influences 
the  residual  stress  due  to  volume  change  and  softening.  To 
avoid  cracking  of  the  dense  electrolyte,  it  is  mechanically  ad¬ 
vantageous  if  the  electrolyte  remains  at  least  up  to  operation 
temperature  under  compressive  stress.  But  on  the  other  hand 
the  compressive  stress  should  not  exceed  the  strength  of  YSZ 
under  compression,  which  is  about  1  GPa  [7].  In  order  to  get 
more  insight  into  the  electrolyte  stress  state,  we  investigated 
the  stress  distribution  after  subsequent  manufacturing  steps: 

1.  as-deposited  (stress-free,  check  of  the  experimental  set- 

up), 

2.  after  co-firing  at  1400  °C/5  h/air, 

3.  after  an  additional  ‘flattening’  procedure  (1360  °C/1  h/air/ 
mechanical  load  10N), 

4.  after  reduction  of  NiO  to  Ni  in  the  substrate  at  900  °C/10  h 
in  4  vol.%H2/Ar. 

The  X-ray  measurements  were  carried  out  with  a  single 
half-cell  specimen  at  room  temperature.  The  standard  sin2  t/r 
method  in  ^-geometry  was  employed  for  measurement  of 
the  lattice  strain  in  the  poly  crystalline  8  YSZ  electrolyte.  To 
get  enough  intensity  for  a  local  resolution  of  about  1  mm2 
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Fig.  2.  Materials  and  technologies  used  for  manufacturing  planar  SOFCs. 
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Fig.  3.  Processing  steps  influencing  the  residual  stress  state  in  a  SOFC  half  cell. 
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a  polycapillary  semi-lens  was  mounted  in  the  incident  beam 
path.  The  parallel  beam  behind  the  semi-lens  was  collimated 
to  0.6  mm  x  1  mm  by  crossed  slits.  The  final  dimensions  of 
the  cell  after  co-firing  were  55  mm  x  55  mm  x  2  mm.  The  lat¬ 
tice  strain  in  the  electrolyte  layer  was  measured  in  a  central 
50  mm  x  50  mm  area  divided  into  a  grid  of  10  x  10  equidis¬ 
tant  points.  X-ray  elastic  constants  of  Eigenmann  et  al.  [8] 
were  used  for  converting  strain  to  stress.  The  stress  was  de¬ 
termined  assuming  a  plane  unidirectional  stress  field.  Further 
experimental  details  and  the  methods  applied  for  the  data 
evaluation  are  compiled  in  Table  1 . 


3.  Results  and  discussion 

The  stress  distribution  after  the  different  manufacturing 
steps  is  displayed  graphically  in  Fig.  4.  For  visualization, 
stress  values  are  coded  in  such  a  way  that  the  stress  spread 
over  the  whole  gray  scale  key  equals  to  200  MPa  in  all  graphs. 
This  ensures  the  comparability  of  fluctuations  after  the  dif¬ 
ferent  manufacturing  steps.  Dark  color  corresponds  to  a  low 

YSZ  electrolyte  layer  as-deposited  (thickness  10  pm) 

omMn  =  (19  +/-  20)  MPa 

mean  '  ' 


YSZ  electrolyte  layer  sintered+flattened  (1360°C/1h/1kg) 

a  =  (-560  +/-  35)  MPa 

mean  '  ' 


Table  1 


Experimental  details  and  X-ray  diffraction  data  evaluation 


Diffractometer 

Philips  X’Pert  MRD  3050/65  with  Eulerian 
cradle  and  motorized  sample  stage 

Radiation 

Cu  K,  40  kV/50mA 

Primary  optics 

K(3  biter,  polycapillary  half-lens,  cross  slit 
collimator  0.6  mm  x  1  mm 

Rehection,  26  range 

Rehection  (620),  140-146.5°,  A2(9  =  0.05°, 
10  s/step 

Method 

xjr  tilt,  sin2  x/z  <  0.5,  equidistant  in  sin2  xf 

Corrections 

Absorption,  linear  background,  Lorentz  po¬ 
larization,  Rachinger  K«2  subtraction 

Peak  position 

Center  of  gravity,  parabola  bt,  manual 

Elastic  constants 

£(620)  =  215  GPa,  U(620)  =  0.29 

X-ray  elastic  constants 

Si  =-1.35 TPa-1,  l/2i2  =  6.0TPa“1 

stress  value;  bright  color  indicates  a  high  stress  value.  Addi¬ 
tionally,  the  mean  stress  and  the  standard  deviation  are  given 
for  each  map. 

The  representation  of  the  stress  in  Fig.  4a  (electrolyte  as- 
deposited)  may  also  be  taken  as  a  check  of  the  experimental 
set-up,  including  data  evaluation.  The  electrolyte  layer,  as 
deposited  by  vacuum  slurry  coating  before  sintering  can 


YSZ  electrolyte  layer  as-sintered  (1400°C/5h) 

om  an  =  (-560  +/-  45)  MPa 

mean  '  • 


YSZ  electrolyte  layer  sintered+flattened  + 
substrate  reduced  (900°C/10h/4%H  2+Ar) 

a  =(-518+/- 32)  MPa 

mean  '  ' 


Fig.  4.  Residual  stress  distributions  in  the  electrolyte  layer  after  subsequent  steps  of  the  manufacturing  of  a  half  cell:  (a)  electrolyte  as-deposited,  (b)  co-hred, 
(c)  co-hred  and  battened,  and  (d)  co-hred,  battened  and  hnally  reduced.  Same  half  cell  specimen  used  for  all  experiments. 
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assumed  to  be  in  a  stress  free  state,  since  it  is  only  a  sediment 
of  8YSZ  powder  particles.  Hence,  the  plot  also  serves  as 
indicator  for  the  precision  of  the  strain  measurement. 

The  results  for  the  electrolyte  after  atmospheric  sintering 
at  1400  °C  for  5  h  are  shown  in  Fig.  4b.  The  electrolyte  ex¬ 
hibits  a  strong  compressive  stress  of  about  —560  MPa  at  room 
temperature.  This  stress  is  independent  of  the  in-plane  cell  lo¬ 
cation.  The  fluctuation  including  experimental  uncertainty  is 
45  MPa. 

During  sintering  frequently  a  slight  warpage  of  the  cell 
composite  plates  occurs,  which  remains  with  cooling  and 
is  superimposed  to  the  thermoelastic  curvature.  Commonly 
a  high  temperature  flattening  procedure  is  added  to  the 
co-firing,  but  this  procedure  might  imply  crack  formation. 
Respective  defects  should  be  reflected  in  a  change  of  the 
electrolyte  stress.  Fig.  4c  shows  the  stress  distribution  in 
the  electrolyte  layer  after  the  flattening  step.  The  overall 
stress  level  at  room  temperature  remains  unchanged  at  about 
—560  MPa.  Hence,  stress  distribution  does  not  differ  from 
that  before  flattening.  The  result  confirms,  that  at  1360  °C 
the  anode/electrolyte  composite  can  be  plastically  deformed 
to  eliminate  warp.  The  in-plane  stress  fluctuation  of  the  flat¬ 
tened  half  cell  is  slightly  reduced  (35  MPa),  which  might  be 
an  indication  of  defect  healing. 

After  deposition  of  the  cathode  layers  on  the  SOFC  half 
cells  they  are  typically  sintered  under  oxidizing  atmosphere. 
Thus  anode  reduction  is  required  before  stack  operation  to 
obtain  the  necessary  electron  conductivity.  In  the  present  case 
a  chemical  reduction  of  NiO  to  Ni  at  900  °C  for  10  h  in  a 
4%H2/Ar  was  chosen.  Thereby  the  volume  and  the  physical 
properties  of  the  anode  material  are  affected.  Consequently, 
the  residual  stress  in  the  electrolyte  also  changes.  Numerous 
SEM  investigations  of  the  electrolyte  surface  as  well  as  of 
cross-sections  of  half  cells  to  check  the  influence  of  these 
manufacturing  steps  on  the  microstructure  did  not  indicate  a 
micro-crack  formation.  Fig.  4d  shows  the  stress  distribution 
after  anode  reduction.  The  level  of  the  compressive  stress 
has  slightly  decreased  to  —520  MPa.  The  stress  is  essentially 
constant  across  the  entire  cell.  The  in-plane  stress  fluctuation 
is  further  reduced  to  about  30  MPa. 

Comparison  of  the  obtained  results  with  literature  turns 
out  to  be  difficult,  since  only  little  information  is  available. 
However,  synchrotron  radiation  has  been  used  recently  to 
determine  with  a  local  approach  residual  stresses  in  the  elec¬ 
trolyte  of  anode-supported  SOFCs  [9].  Cells  with  slightly 
different  anode  geometry  (2  mm)  and  electrolyte  thickness 
(about  20-40  jmm)  were  analyzed.  An  effect  of  the  in-plane 
position  on  the  stress  was  reported  which  could  not  be 
verified  by  our  observations.  Nevertheless,  the  compressive 
stress  was  —660  ±20  MPa  for  oxidized,  flattened  cells  and 
—670  ±  10  MPa  for  reduced  cells  [9],  i.e.  in  the  same  order 
of  magnitude  like  the  present  results. 

From  the  results  of  both  diffraction  studies  the  measured 
compressive  residual  stress  in  the  electrolyte  appears  high 
enough  to  provide  a  mechanically  robust  electrolyte  layer. 
However,  it  is  also  important  that  the  compressive  stress  at 


Fig.  5.  Residual  stress  in  the  electrolyte  layer  at  room  and  operation  tem¬ 
perature.  Slight  shift  between  electrolyte  stress  for  oxidized  and  reduced 
anode.  High  temperature  (800  °C)  data  derived  from  X-ray  measurement 
at  room  temperature  and  temperature  dependent  thermoelastic  parameters 
from  curvature  experiments  [6] . 

operation  temperature  (^800  °C)  is  sufficient,  too.  Fig.  5 
compares  the  RT  results  with  800  °C  stresses,  theoretically 
derived  from  the  RT  X-ray  data  by  considering  the  temper¬ 
ature  dependence  of  thermoelastic  properties  determined  in 
curvature  experiments  [6].  The  stresses  in  the  oxidized  and 
in  the  reduced  anode  state  decrease  similarly.  At  operation 
temperature  (800  °C)  the  electrolyte  is  still  under  compres¬ 
sion  by  a  fairly  high  residual  stress  of  about  —240  MPa.  With 
such  a  compressive  residual  stress  a  malfunction  of  a  cell  due 
to  crack  formation  should  not  occur. 

The  electrolyte  stresses  determined  above  can  also  be  used 
to  estimate  the  stresses  in  the  anode  [10].  The  results  indicate 
a  stress  gradient  in  the  oxidized  anode.  A  compressive  stress 
of  —7.5  MPa  exists  at  the  free  surface  and  a  tensile  stress  of 
15  MPa  at  the  interface  with  the  electrolyte.  The  dependence 
of  the  anode  stress  on  the  relative  position  with  respect  to 
the  electrolyte  is  a  result  of  the  curvature  of  the  cells.  In  the 
case  of  a  cell  constrained  against  deflection,  like  fixed  cells 
in  a  stack,  the  average  anode  tensile  stress  becomes  4  MPa. 
Similar  gradients  with  slightly  lower  values  are  determined 
in  the  reduced  anode,  the  average  stress  in  the  constraint  case 
is  again  ~4  MPa.  At  SOFC  operation  temperature  the  stress 
decreases  to  ^2  MPa,  essentially  independent  of  oxidized  or 
reduced  anode  state. 

The  change  in  stress  during  reduction  is  a  result  of  the 
shrinkage  in  volume  as  the  NiO  is  reduced  to  Ni  and  the 
change  in  stiffness.  A  reduced  anode  has  a  lower  stiffness 
than  an  anode  in  the  oxidized  state.  Hence  the  shrinkage 
leads  to  an  increase  whereas  the  decrease  in  stiffness  to  a 
decrease  in  stress.  The  results  presented  here  suggest  that 
both  effects  compensate  and  the  finally  reduced  cell  shows 
a  similar  stress  magnitude  in  the  electrolyte  as  the  oxidized 
cell.  Hence  no  stress  increase  during  reduction  is  obtained 
and  micro-cracking  is  unlikely. 

Considering  the  favorable  compressive  stress  in  the  elec¬ 
trolyte  layer  of  co-fired  SOFC  the  discussion  of  the  mechani¬ 
cal  integrity  can  be  restricted  to  the  anode  properties.  Indeed, 
for  co-fired  cells  the  critical  layer  in  tensile  stress  state  is  the 
anode  [6].  Compared  to  anode  fracture  stresses  in  the  order 
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of  50-100  MPa  the  average  tensile  residual  stresses  appear  to 
be  rather  low  and  not  critical.  However,  if  in  addition  applied 
tensile  stresses  due  to  cell  fixation  in  the  stacks  are  taken 
into  account  the  difference  to  the  fracture  stress  might  di¬ 
minish.  Moreover,  the  statistics  of  flaw  distribution  (Weibull 
modulus),  stressed  anode  volume  and  type  of  loading  are  im¬ 
portant  [11].  For  example,  an  increase  in  cell  size  with  the 
statistical  probability  of  larger  defects  being  then  present  can 
result  in  a  significant  drop  of  fracture  stress  compared  to  small 
specimens  under  the  same  thermoelastic  residual  stress.  Such 
statistical  aspects  of  the  flaw  size  distribution  have  been  ad¬ 
dressed  previously  [11].  Moreover,  the  anodes  experience  a 
tensile  loading  rather  than  bending,  under  which  specimens 
are  conveniently  tested.  Both  effects  lead  to  a  reduction  of  the 
critical  stress  for  a  discrete  fracture  probability  [11].  Hence, 
an  assessment  of  the  failure  relevance  of  the  residual  tensile 
anode  stresses  determined  above  requires  statistically  reliable 
mechanical  testing  of  the  cells.  For  example,  using  four-point 
bending  a  room  temperature  fracture  stress  of  ~ 84  MPa  and 
a  Weibull  modulus  of  ~13  was  obtained  for  reduced  spec¬ 
imens  of  an  area  of  100  mm2  [12].  Considering  anodes  of 
200  mm  x  200  mm  under  tensile  loading,  a  fracture  stress  of 
~14 MPa  for  a  failure  probability  of  10-6  is  obtained  [11]. 
The  above  estimates  reveal  that  in  the  present  case  the  criti¬ 
cal  fracture  stress  is  still  significantly  larger  than  the  residual 
stress  in  the  reduced  anodes  at  room  temperature. 

4.  Conclusions 

Two-dimensional  residual  stress  patterns  of  the  YSZ  elec¬ 
trolyte  in  SOFCs  were  measured  using  X-ray  powder  diffrac¬ 
tion.  With  the  method  a  lateral  resolution  of  about  1  mm 
was  achieved  using  standard  X-ray  diffraction  equipment, 
and  applying  a  polycapillary  semi-lens  in  the  incident  beam 
path.  The  stress  state  of  the  10  |xm  thick  electrolyte  in  planar 
SOFCs  of  FZJ  is  mainly  governed  by  the  supporting  anode 
substrate.  Values  of  about  —560  MPa  are  determined  for  the 
electrolyte  layer  on  an  oxidized  anode  substrate  independent 
of  location.  The  flattening  procedure  applied  to  the  SOFCs 
to  remove  the  slight  warp,  existing  from  co-firing,  does  not 


essentially  change  the  residual  stress  level  but  decreases  the 
in-plane  fluctuation.  Chemical  reduction  of  NiO  to  Ni  in  the 
porous  anode  substrate  lowers  the  absolute  stress  level  in  the 
electrolyte  by  10%.  A  calculation  of  the  anode  stress  resulted 
in  values  of  ^4  MPa.  A  combination  of  the  measured  elec¬ 
trolyte  stress  with  calculations  using  the  temperature  depen¬ 
dent  thermal  expansion  coefficients  of  electrolyte  and  anode 
shows  that  the  electrolyte  layer  remains  under  a  favorable 
high  compressive  stress  of  240  MPa,  at  operation  tem¬ 
perature  (800  °C).  Again,  the  anode  experiences  on  average 
only  a  low  tensile  stress  (~2MPa). 
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